Abstract The standard treatment of CRC patients with hepatic metastases is systemic chemotherapy; however, 5-year survival is disappointingly poor despite recent advances. On the other hand, in patients who undergo immediate radical surgical resection of hepatic metastases, 5-year survival reaches 30-40%. Unfortunately, only 15-20% of patients with hepatic metastases are initially eligible for a radical surgical approach. The majority of patients undergoing liver resection relapse after surgery. For this reason, new onco-surgery approaches have been investigated in recent years and the addition of biological agents to chemotherapy, such as bevacizumab and cetuximab, and the improvements of surgical techniques have opened a new scenario in the management of colorectal liver metastases. Recently, the EORTC trial has demonstrated that perioperative chemotherapy (Folfox regimen) is feasible and improves progressionfree survival in patients with resectable liver metatsases. Chemotherapy and surgery can Wnally collaborate. In the unresectable setting, the association of chemotherapy with bevacizumab and cetuximab is particularly promising in improving resectability rate. In particular, K-RAS is a molecular response predictive factor that could be particularly useful in selecting the best treatment option in patients with unresectable liver disease.
Introduction
Colorectal cancer (CRC) is the second cause of cancer death in Europe and the third in USA. The expected incidence of CRC in Italy is 32,000 cases/year with 16,000 CRC-related deaths/year [1] . Twenty percent of patients have clinical evidence of hepatic metastases at diagnosis and about 50% of patients will develop liver metastatic disease later [2] .
The standard treatment of CRC patients with hepatic metastases is systemic chemotherapy; however, 5-year survival is disappointingly poor despite recent advances. On the other hand, in patients who undergo immediate radical surgical resection of hepatic metastases, 5-year survival reaches 30-40%. Unfortunately, only 15-20% of patients with hepatic metastases are initially eligible for a radical surgical approach [3, 4] . Retrospective series show a clear advantage in terms of overall survival in patients who undergo hepatic resection with respect to patients treated only with chemotherapy [5] [6] [7] , but it is commonly felt that the advantage observed with surgery is at least partially due to patient selection (better performance status and smaller disease extension in patients treated with surgery). Furthermore, the majority of patients undergoing liver resection relapse after surgery. For this reason, new onco-surgery approaches have been investigated in recent years. A recent EORTC randomized controlled trial demonstrated a signiWcant beneWt in terms of progression-free survival in patients treated with peri-operative chemotherapy [8] . Furthermore, the introduction of novel biological agents (such as bevacizumab and cetuximab) has prompted a new interest in the multidisciplinary approach to colo-rectal liver metastases.
The rationale of neoadjuvant treatment in CRC
Pre-operative chemotherapy has the potentiality of (1) rendering resectable hepatic metastases in patients with initially unresectable disease, (2) increasing the percentage of radical resections and (3) allowing limited hepatectomies in patients with initially resectable hepatic metastases, with the aim of reducing surgery-related morbidity and improving post-operative recovery, (4) hitting micro-metastases, (5) oVering a test of in vivo chemosensitivity which could possibly be useful for the determination of an optimal postoperative schedule.
Patient selection for primary liver resection of CRC metastases
The majority of patients with liver metastases are not eligible for radical surgical resection. In the past, the main contraindications for a surgical approach have been: >4 metastases, presence of extra-hepatic disease and resection margins <1 cm [9] . Subsequently, Bismuth et al. [4] have extended the aforementioned criteria allowing resection of more metastases and of multinodular or hilar metastases. Recently, a consensus group has proposed new guidelines for the evaluation of resectability of hepatic metastases (Table 1) . Their unresectability criteria are: (1) hepatic disease that involves more than 50% of liver parenchyma or six segments, (2) extra-hepatic disease, (3) unWt patients [10] . However, consensus on the deWnition of resectability criteria and surgical attitude varies considerably among centers. The patients subjected to radical hepatic resection can be stratiWed into risk groups on the basis of clinical scoring systems [11] [12] [13] [14] , which use prognostic factors identiWed with multivariate analysis, such as the presence of positive lymph nodes, a <12-month disease-free survival, the presence of more than one tumor, high preoperative CEA, a >5 cm tumor. According to the aforementioned factors, the 5-year survival has been shown to range between 14 and 60%. The validity of such systems needs to be conWrmed in further studies before their introduction into the clinical practice. More recently, Quispe et al. [15] have highlighted the importance of some main risk factors which may aVect prognosis of patients treated with primary liver metastasectomy. In this analysis, synchronic (vs. metachronic) disease, presence (vs. absence) of limphonodal spread and R1 or 2 (vs. R0) resection were associated with poor 5 years overall survival.
Neoadjuvant chemotherapy in unresectable liver metastasis: is it a realistic option?
The optimal neoadjuvant chemotherapy regimen has not yet been determined. However, as in the metastatic setting, the combination of chemotherapy with biological agents seems the most eVective approach for a neoadjuvant intent. The greater part of data currently available in the literature comes from retrospective analyses or from phase III studies on metastatic disease, in which it was observed that some patients initially treated with a palliative intent became susceptible to radical resection of their hepatic metastases (Table 2) [16, 17] .
Phase III studies: The study of Tournigand et al. has evidenced a 54% OR rate for the combination of 5-FU/FA and OXA (FOLFOX) and of 56% for the combination of 5-FU/ FA and IRI (FOLFIRI). Hepatic metastases treated with FOLFOX resulted resectable in 13% of cases, while those treated with FOLFIRI were resectable in 7% of cases [16] . The study of Goldberg et al. has compared FOLFOX with a combination regimen of IRI and bolus 5-FU/FA (IFL) and with the association of OXA and IRI (IROX), evidencing an OR rate signiWcantly higher for the FOLFOX regimen (45 vs. 31 vs. 35%, respectively). In this study, the percentage of patients who subsequently underwent surgery with radical intent after FOLFOX (4.1%) was also higher than after IFL (0.75%) [17] . A recent phase III study published by the Gruppo Oncologico Nord Ovest (GONO) compared Xuorouracil, leucovorin, oxaliplatin, and irinotecan (FOLFOX-IRI) with infusional Xuorouracil, leucovorin, and irinotecan (FOLFIRI) as Wrst-line chemotherapy in unresectable metastatic colorectal cancer. Response rates as assessed by an external panel was 34% (FOLFIRI) versus 60% (FOLFOX-IRI; P < 0.0001). Interestingly, the R0 resection rate of metastases in liver-limited disease was greater in the FOL-FOXIRI arm (12 vs. 36%; P = 0.017). Progression-free survival (PFS) and overall survival (OS) were both signiWcantly improved in the FOLFOXIRI arm (median PFS, 6.9 vs. 9.8 months; hazard ratio [HR], 0.63; P = 0.0006; median OS, 16.7 vs. 22.6 months; HR, 0.70; P = 0.032) [18] .
Retrospective analyses of single-center series
The Bismuth study was the Wrst to speciWcally estimate the role of neoadjuvant chemotherapy in patients with unresectable hepatic metastases. Three-hundred and thirty patients with unresectable hepatic lesions (large dimensions, multiple nodules, hilar localization, extrahepatic disease) were analyzed. Most of the patients were treated with oxaliplatin-containing regimens; after chemotherapy, 53 patients (16%) underwent hepatic resection. Intraoperative mortality was not observed, while 14 patients (26%) suVered from post-operative complications. The 5-year survival of patients who underwent surgery was 40% which is comparable to that of patients subjected to immediate hepatic resection [4] . Subsequently, Adam et al. reported an update of the aforesaid data with an analysis of 701 patients; radical resection was possible in 14% of patients with a 5-year survival of 35% [19] . Another important retrospective study by Giacchetti et al. analyzed 151 patients initially considered unresectable for the presence of hepatic metastases of large dimensions (>5 cm), multiple metastases (>4 nodules), or metastases localized in the hepatic hilus. All patients were treated with an oxaliplatin-containing chemotherapy regimen and objective response rate was 59%. After chemotherapy, 51% of patients were considered resectable but only 38% of patients underwent radical resection. The median survival was 48 months for the resected patients and 15.5 months for the unresected ones [20] . Recently, a study by Adam et al. evaluated long-term outcome after combining downsizing chemotherapy and rescue surgery to deWne prognostic factors of cure. All patients with initially unresectable colorectal liver metastases who underwent rescue surgery and had a minimum follow-up of 5 years were included. Cure was deWned as a disease-free interval ¸5 years from last hepatic or extrahepatic resection until last follow-up. One hundred and eighty-four patients who underwent resection from 1988 to 2002 were evaluated. Patients had a mean number of 5.3 metastases (bilobar in 76%), associated to extrahepatic disease in 27%. Surgery was possible after one (74%) or more (26%) lines of chemotherapy. Five-and ten-year overall survival rates were 33 and 27%, respectively. Of 148 patients with a follow-up ¸5 years, 24 patients (16%) were considered cured (mean follow-up, 118.6 months), six (25%) of whom were considered cured after resection of recurrence. Cured patients more often had three or fewer metastases less than 30 mm (P = 0.03) responding to Wrstline chemotherapy (P = 0.05). Multivariate analysis identiWed maximum size of metastases less than 30 mm at diagnosis, three or fewer metastases at hepatectomy, and complete pathologic response as independent predictors of cure [21] . Although these retrospective studies highlight the suitability of an integrated approach for treatment of hepatic metastases from CRC, they clearly suVer from their intrinsic limitations.
Prospective studies
Recently some small prospective studies speciWcally dealing with the neoadjuvant approach in unresectable hepatic metastases from CRC have been published (Table 2 ) [22] [23] [24] . Alberts et al. have evaluated 42 patients treated with FOLFOX-4 reporting a 62% OR rate, a 33% of hepatic resections and a median survival of 31.4 months in resected patients [21] . In another study, Quenet et al. [23] have evaluated 34 patients treated with a chemotherapy regimen containing three drugs, namely OXA, IRI and 5-FU, obtaining resection of hepatic disease in 37.5% of patients. Pozzo et al. treated 40 patients with FOLFIRI, obtaining an objective response in 47.5% of patients and resection of hepatic metastases in 27.5% of patients. The median survival of resected patients had not yet been reached after a median follow-up of 30.4 months [24] . Moreover, an important study by Benoist et al. analyzed 38 patients derived from a prospective mono-institutional series of 586 consecutive patients treated for hepatic metastases from CRC. The authors' policy was to perform liver resection, including the sites of the disappeared liver metastases in patients with resectable metastases. In initially unresectable patients, resection or local ablation of all visible liver metastases was performed, leaving the disappeared liver metastases in the remnant liver. Of the 38 patients, 22 had unresectable liver metastases (multiple bilobar deposits in 20 patients and invasion of major liver vessels in 2 patients), while 16 patients had resectable disease. Complete radiological remission (cRR) was conWrmed by liver examination and 4 .4% no chemotherapy, P < 0.001; odds ratio = 5.4). It is noteworthy that steatohepatitis was associated with increased 90-day mortality after hepatic surgery compared to patients who did not have steatohepatitis (14.7 vs. 1.6%, respectively; P = 0.001; odds ratio = 10.5), while vascular changes increased the risk of operative bleeding but not that of perioperative morbidity or mortality [28] . Fernandez et al. studied the presence of non-alcoholic steatohepatitis (NASH) in 37 patients who underwent hepatic resection of CRC metastases. Thirteen patients received no neoadjuvant therapy, 10 received 5-Xuorouracil only, and 14 received neoadjuvant irinotecan (n = 12), or oxaliplatin, or both (n = 4), in conjunction with 5-FU. A multivariate analysis showed that both irinotecan or oxaliplatin-based regimens and body mass index were independent risk factors for developing steatohepatitis [29] . Adam et al. reported results from a retrospective analysis in 92 patients who had liver resection for CRC hepatic metastases treated without (17 pts) and with chemotherapy based on 5-FU alone (23 pts) or associated with oxaliplatin (52 pts). Vascular changes were more frequent in the group treated with chemotherapy (52 vs. 18%, P < 0.01). There was also a trend toward a higher incidence of Wbrosis and centrolobular necrosis (CLN) in the chemotherapy group. FOLFOX-treated patients had less steatosis and Wbrosis, equal sinusoidal changes but more CLN (35 vs. 4%, P = 0.07) than 5-FU alone. The outcome of patients following liver resection was not aVected by these histological changes. However, prolonged preoperative chemotherapy (>12 cycles) was related to a longer duration of hospital stay (15 vs. 11 days, respectively; P = 0.02) and was a risk factor for re-operation (11 vs. 0%, respectively; P = 0.04) [30] . Regenerative nodular hyperplasia (RNH) represents the worst evolutive stage of vascular lesions induced by chemotherapy in the liver. In a recent retrospective analysis conducted upon 107 patients, Whichert et al. evaluated the impact of RNH on post-operative morbidity. As a result, patients who received prolonged courses of preoperative Oxaliplatin had an increased risk of RHN and associated post-operative hepatic morbidity (23 vs. 11% observed in Oxaliplatin naive patients). Moreover, preoperative gamma-glutamil-transferase (GGT) >30 U/l and a total bilirubin level >15 mol/l resulted to be independent predictive factors of RHN development [31] . As a result of the aforementioned data, patients with resectable metastasis should be considered for neoadjuvant chemotherapy, but patients should not be overtreated to avoid chronic and progressive chemotherapy-induced liver damage, which could preclude curative surgery. Some liver injury predictive factors are emerging from literature [32] , but a more reliable assessment remains an important area of clinical investigation. Furthermore, considering the lack of data on neoadjuvant chemotherapy in terms of overall survival, we do not know if beneWts of pre-operative chemotherapy encompass the risk of potential liver toxicities in patients with initially resectable liver metastases. In this regard, the recent EORTC 40983 trial data seem to tilt the balance toward the beneWts of pre-operative chemotherapy. Further clinical studies are warranted in this setting.
Neoadjuvant chemotherapy: increasing appeal with the introduction of biologic agents?
Recent studies have shown the remarkable therapeutic eVectiveness of some biological agents in advanced CRC. 15.6 months; P = 0.001) [33] . Analogous results have also been obtained in a study in which bevacizumab was associated either with 5-FU/LV or with FOLFOX in the secondline treatment of metastatic disease [34, 35] . It has been demonstrated that the association of standard drugs with bevacizumab in Wrst-line and second-line treatment signiWcantly increases the percentage of OR and the overall survival. Moreover, many studies indicate that bevacizumab does not increase toxicity correlated to chemotherapy, while bevacizumab-speciWc side eVects are reported, such as proteinuria, hypertension, bleeding, wound healing delay, arterial thrombosis and gastrointestinal perforation [36] [37] [38] . The use of bevacizumab in the neoadjuvant setting may be associated with major adverse events, such as wound healing delays, bleeding and defects in liver regeneration at the time of surgery. Clinical trials of bevacizumab in metastatic colorectal cancer reported 10% of patients having wound healing complication after major unplanned or elective surgery while on therapy [38] . The main issue is the interval between neoadjuvant bevacizumab and hepatic resection. The Wrst BEAT study was aimed at evaluating the safety of bevacizumab in a broader patient population using a variety of chemotherapy regimens, such as FOLFOX, CAPOX, FOLFIRI. The trial design mandated BEV to be stopped at least 6-8 weeks before metastasectomy; when appropriate BEV was restarted 28 days after surgery. A total of 1,927 patients were enrolled in the study; 63 had undergone metastectomy and 60 had liver resections. Median time from last BEV administration to surgery was 56 days and median followup was 15.4 months. Chemotherapy regimens used with BEV included FOLFOX (n = 24), XELOX (n = 16), and FOLFIRI (n = 15). No wound healing delay or bleeding related to surgery was reported; 70% of patients reported no complications. One patient had concomitant myocardial infarction and portal vein thrombosis, possibly related to BEV therapy [39] . In NO16966 trial patients with metastatic colorectal cancer were randomly assigned to XELOX versus FOLFOX-4, and then to bevacizumab versus placebo. The primary end point progression-free survival (PFS) was reached because bevacizumab had a signiWcant eVect on PFS (9.4 months versus 8.0 months, P = 0.0023). Interestingly, 44/699 (6.3%) patients receiving BEV underwent R0 resection compared with 34/701 (4.9%) patients receiving placebo (P = NS). Median overall survival was 21.3 months in the bevacizumab group and 19.9 months in the placebo group (HR, 0.89; 97.5% CI, 0.76-1.03; P = 0.077). Response rates were similar in both arms [40] . Recently, Gruenberger et al. have reported the results of a single-center, phase II study designed to determine the feasibility, peri-operative complication rate and potential impact on post-operative liver regeneration with neoadjuvant capecitabine and oxaliplatin (Xelox) plus bevacizumab in patients with potentially curable liver metastases. Fifty-six patients were accrued and objective response to neoadjuvant chemotherapy was observed in 41 patients (73%). Fifty-two patients underwent liver resection and no increased intraoperative bleeding events or wound-healing complications were observed. No post-operative mortality occurred and morbidity was encountered in 11 patients (20%). This trial demonstrated that in patients who received bevacizumab up to 5 weeks before liver resection, the rate of surgical, wound healing or bleeding complications were not increased compared with historical data for chemotherapy alone [39] . Much more recently, Bouganim et al. carried out a retrospective analysis upon 60 patients treated with pre-operative chemotherapy containing bevacizumab. Response was observed in 80% of patients. Overall survival rates at 12, 24, 36 and 48 months were 100, 86, 74 and 66%, respectively. Median progression-free survival was 14 months (13 in Irinotecan receiving population and 15 in Oxaliplatin group). No sudden death or bowel perforation were reported [41] . Additionally, in another recent study, resected liver specimens from patients in two prospective, non-randomized trials (5-Xuorouracil/oxaliplatin § bevacizumab) were analyzed retrospectively. Interestingly, bevacizumab decreased the severity of the sinusoidal obstruction syndrome and had no impact on hepatic steatosis and Wbrosis. This analysis showed that bevacizumab could protect against the sinusoidal obstruction syndrome and provide the histological explanation for the safe use of bevacizumab prior to liver resection [42] .
Cetuximab, a chimeric monoclonal antibody targeting EGFR, has shown high activity in advanced colorectal cancer either alone or in combination and does not increase complications in surgery. Cetuximab has the advantage of a shorter half-life (10 days) with respect to bevacizumab; furthermore, there is no current evidence that EGFR-targeted drugs may aVect wound healing and liver regeneration. Moreover, the favorable response rates observed in advanced disease suggest that liver metastases could be eVectively downsized, thus rendering the drug potentially appealing in the neoadjuvant setting. To date, only one study speciWcally exploring the role of cetuximab therapy on resectability of colorectal cancer liver metastases has been published. The study was performed to determine the post-cetuximab resectability rate and to examine post-operative outcomes in a group of heavily pre-treated patients. One hundred and 51 patients with unresectable CLM resistant to initial chemotherapy and subsequently treated with systemic cetuximab were evaluated. Twenty-seven patients underwent surgery after a median of six cycles of cetuximab + irinotecan (20 of 27) , oxaliplatin (four of 27), or both (one of 27). Eighteen patients (67%) had experienced treatment failure after at least two lines of chemotherapy before cetuximab. Twenty-Wve of the 27 patients who had surgery underwent hepatectomy. Post-operative mortality was 3.7% (one of 27), with a complication rate of 50%. Histopathologic liver abnormalities were found in nine patients (36%), without speciWc lesions attributable to cetuximab. After median follow-up of 16 months, 23 of 25 patients who underwent resection (92%) were alive, and 10 patients (40%) were disease free. Median overall (OS) and progression-free survival (PFS) from initiation of cetuximab therapy were 20 and 13 months, respectively. Thus, combination therapy with cetuximab increased resectability rates without increasing operative mortality or liver injury suggesting that this strategy beneWts patients with previously refractory disease who respond subsequently to cetuximab [43] . Recently, preliminary data from a randomized phase II study of cetuximab plus FOLFOX6 or FOLF-IRI (CELIM study, ASCO, 2009 Gastrointestinal Cancers Symposium, Abs. 296) demonstrated high response rates (85 and 66%, respectively) in neoadjuvant therapy of unresectable colorectal liver metastases. Forty percent of FOL-FOX6 plus cetuximab patients underwent resection (37% R0), compared with 43% (35% R0) of FOLFIRI plus cetuximab patients and 43% (34% R0) of patients with KRAS wild-type tumors. In a combined analysis of both arms, the 67 patients with wild-type KRAS tumors achieved a response rate of 79% [44] . Furthermore, interesting data are emerging from phase III studies non-speciWcally designed for patients with liver metastases. Impressive improvement of the resectability rate in patients with initially unresectable liver metastases treated with cetuximab in association with both FOLFOX and FOLFIRI regimens has been observed.
In the CRYSTAL study, the eYcacy of cetuximab plus irinotecan, Xuorouracil, and leucovorin (FOLFIRI) as Wrstline treatment for metastatic colorectal cancer was investigated. A total of 599 patients received cetuximab plus FOLFIRI, and 599 received FOLFIRI alone with a randomization procedure. The hazard ratio for progression-free survival in the cetuximab-FOLFIRI group when compared with the FOLFIRI group was 0.85 (95% conWdence interval [CI], 0.72-0.99; P = 0.048). There was no signiWcant diVerence in the overall survival between the two treatment groups (hazard ratio, 0.93; 95% CI, 0.81-1.07; P = 0.31). KRAS mutation was predictive of response (P = 0.03) but not of progression-free survival (P = 0.07) or overall survival (P = 0.44). Interestingly, the rate of surgery for metastases was higher in the cetuximab-FOLFIRI group than in the FOLFIRI group (7.0 vs. 3.7%), as was the rate of R0 resection with curative intent before disease progression (4.8 vs. 1.7%; odds ratio for cetuximab-FOLFIRI, 3.02; 95% CI, 1.45-6.27; P = 0.002). With regard to only liver-conWned disease, a rate of curative liver resection was achieved in 4.5% for FOLFIRI alone vs. 9.8% for cetuximab-FOLFIRI [45] . In the OPUS study, patients were randomized to cetuximab plus FOLFOX-4 (n = 169) or FOLFOX-4 alone (n = 168) as Wrst-line treatment for metastatic disease. The ORR for cetuximab plus FOLFOX-4 was higher than with FOLFOX-4 alone (46 vs. 36%). In patients with KRAS wild-type tumors, the addition of cetuximab to FOLFOX-4 was associated with a clinically signiWcant increased chance of response (ORR = 61 vs. 37%; odds ratio = 2.54; P = 0.011) and a lower risk of disease progression (hazard ratio = 0.57; P = 0.0163) compared with FOLFOX-4 alone. The addition of cetuximab to FOL-FOX-4 was associated with an approximate doubling of the R0 resection rate from 2.4% (four of 168 patients) for FOL-FOX-4 alone to 4.7% (eight of 169 patients) for cetuximab plus FOLFOX-4 [46] . GaruW et al. tested the combination of cetuximab, irinotecan, oxaliplatin, 5FU and folinic acid followed by surgery in 45 patients with unresectable colorectal liver metastasis and an encouraging 63% complete resection rate was achieved [47] .
In conclusion, these data prompt the use of biologic agents in the neoadjuvant setting and open a real opportunity for pursuing curative resection also in patients with initially unresectable liver metastases. Both cetuximab and bevacizumab appear equally eVective in combination with chemotherapy. The addition of cetuximab should be preferred in patients with wild-type KRAS tumors. Data from CRYSTAL and OPUS are pooled from subgroup analysis within large phase III studies in the metastatic setting and thus, they suVer of statistical pitfalls. Prospective, ad hoc trials are warranted in the near future in order to assess the eVective role of biologic agents in the neoadjuvant setting and establish which targeted agent is the preferred combination partner for speciWc chemotherapy.
Conclusions
The addition of biological agents to chemotherapy, such as bevacizumab and cetuximab, and the improvements of surgical techniques have opened a new scenario in the management of colorectal liver metastases. For many years, the diagnosis of liver metastases from CRC was characterized by a dismal prognosis. Chemotherapy and surgery were two worlds which ignored each other. Recently, the EORTC trial has demonstrated that perioperative chemotherapy (Folfox regimen) is feasible and improves progression-free survival in patients with resectable liver metatsases. Chemotherapy and surgery can Wnally work together. In the unresectable setting, the association of chemotherapy with bevacizumab and cetuximab is particularly promising in improving resectability rate. In particular, K-RAS is a molecular response predictive factor that could be particularly useful in selecting the best treatment option in patients with unresectable liver disease.
Challenges for the immediate future are represented by: the deWnition of the role of biological agents as neoadjuvants, the assessment of biological markers of response to pre-operative chemotherapy, and the assessment of the best chemotherapy liver toxicity proWle.
